Gas separation of a binary gaseous mixture is one of characteristic phenomena in the micro-scale flows that differ from the conventional size flows. In this work, the separation in a binary gas mixture flows through a microchannel is investigated by the lattice Boltzmann method with a diffuse-bounce-back (DBB) boundary condition. The separation degree and rate are measured in the He-Ar and Ne-Ar systems for different mole fractions, pressure ratios, and Knudsen numbers. The results show that the separation phenomenon in the He-Ar mixture is more obvious than that in the Ne-Ar mixture at the same mole fraction owing to the larger molecular mass ratio. In addition, the increase in the pressure ratio reduces the difference in the molecular velocities between the two species, and the separation phenomenon becomes weaker. However, the gas separation is enhanced with an increase in the Knudsen number. This is because the resulting rarefaction effect reduces the interactions between the gas molecules of the two species, and thus increases the difference in the molecular velocity.
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Introduction
With the rapid development of vacuum technology and micro electro mechanical systems (MEMS) as well as energy converters such as solid oxide fuel cells (SOFCs), considerable interests have been attached to the rarefied gas mixture flows [1, 2, 3, 4, 5, 6] . Due to the microscopic interactions between the gas molecules from different species besides those from the same species, the gas mixture flows are more complex than the single-species gas flows. It has been shown that some special phenomena in the gas mixture flows can appear compared with the single gas flows [7, 8, 9, 10, 11] . As one of these phenomena, the gas separation has been received much attention, and is attributed to the difference in the mean velocities of each species [12] .
The separation phenomenon in gas mixtures is very important in many applications including pumping, sampling, filtering, etc. [12, 13, 14] . For example, this kind of separation effect should be considered in predictions of the mass flow rate of mixture as well as the flow rate of gas components. Early in 1949, the separation phenomenon was reported first by Present et al. [7] who studied the binary gaseous flows through a long circular capillary. They pointed out that the pressure gradient may lead to a diffusion in a mixture flows. With a finite rarefaction effect, different species of the mixtures travel with different speeds in the channel owing to their different molecular velocities, and hence the species tend to separate. Moreover, it is found that the maximum separation degree depends on the molecular mass ratio. On the basis of this theory, some researches have been further performed on the gas separation effect [11, 15, 16, 17] . Higashi et al. [18] applied a derived expression of surface diffusion coefficient to predict the degree of separation in binary gas-mixtures, and provided theoretical and experimental verifications through the separation results of the n-butane and propane mixture flows. Via a detailed investigation on the separation phenomenon for binary mixture flow through a long tube into a vacuum, Sharipov et al. [12] found that the concentration and rarefaction at the entrance of the tube have a significant effect on the concentration varying along the tube. Dodulad et al. [11] studied the gas separation in a Knudsen pump by solving the Boltzmann equation and demonstrated the influence of molecular potential on the gas separation rate. By solving the linearized Boltzmann equation, Kalempa et al. [19] also investigated the separation phenomenon and found that the flow rate of each species is influenced by both the mole fraction and rarefaction effect. Szalmas et al. [20] employed the McCormack kinetic model to simulate the flows of binary gaseous mixtures through micro-channels with triangular and trapezoidal configurations, and reported that the mass flow rate will be predicted with a 10% discrepancy when the separation effect is not considered.
From the available studies in the literature, it is indicated to us that the molecular mass ratio and mole fraction have a significant effect on the separation in the binary gaseous flows. However, it is not clear how these internal parameters influence the separation phenomenon. In general, the separation phenomenon in gaseous mixture flows is also determined by some important external factors, such as the compression effect and rarefaction effect. Therefore, a detailed investigation is highly desired for us to reveal the influence of such parameters on the gas-gas separation. As far as we know, no previous works have been reported on this subject. In this work, we will conduct a parametric study to understand how these mentioned parameters affect the separation phenomenon in binary gaseous mixtures, which can be served as a typical case for the separation effect of multicomponent gas mixture systems.
In most works on the separation phenomenon in gaseous mixtures flows, the Boltzmann equation is needed to be trivially solved. As a mesoscopic method which stems from a discrete approximation to the Boltzmann equation, the lattice Boltzmann equation (LBE) method has been recently applied to microflows of binary mixtures owing to its simplicity and efficiency [21, 22, 23, 24] . However, the gas separation of binary mixtures is not investigated in these works. On the other hand, as revealed in the LBE method literature [24, 25] , the multiple-relaxation-time (MRT) collision model has a better potential for simulating micro-gaseous binary mixtures. Therefore, in this work the binary gaseous flows are simulated by the MRT-LBE model combined with the effective relaxation times and a proposed diffusive-bounce-back boundary (DBB) scheme. The effects of four parameters, including the pressure ratio, the Knudsen (Kn) number, the molecular mass and mole fraction, are investigated on the separation of binary gaseous flow in a microchannel.
The remainder of this paper is organized as follows. In Sec. 2, the problem investigated in this work is briefly described, and the MRT-LBE model and the boundary condition for studying the binary micro-gas flows are introduced in Sec. 3. In Sec. 4, numerical results and some discussions are provided, and the conclusions are given in Sec. 5.
Problem description
In this work, we consider the two-dimensional flow of gas mixtures in a microchannel of length L and height H as shown in Fig. 1 . The channel connects two reservoirs which are filled with the binary mixture with different pressures and concentrations. The concentration and pressure of the mixture in the reservoirs are assumed to be constant during the flow process since the number of gas molecules flowing through the channel is negligible compared to the number of gas molecules in the reservoirs. In this work we simulate the flow in the microchannel only, and replace the reservoirs with boundary conditions at the inlet and outlet of the channel. Moreover, we set L/H = 35 in our study, meaning that the end effect at the inlet and outlet can be ignored at this ratio [26] .
In general, the flow described above is influenced by a number of parameters. In this study, we mainly consider the pressure ratio, Knudsen number, molecular mass ratio, and mole fraction of each species. Two binary mixtures are considered here. One is the He-Ar mixture with a molecular mass ratio of 1 : 10, and the other is the Ne-Ar mixture with a molecular mass ratio of 1 : 2. In these mixtures, the mole fraction of the light species is defined by
where n l and n h are the molar densities of the light and heavy species, respectively. The species pressure of the mixture is given by the equation of state:
where n is the molar densities of the gas mixture, and k B is the Boltzmann constant. The pressure of gas mixture and concentration of the lighter species in the gas mixtures at the inlet and outlet are defined as (P in , C l,in ) and (P out , C l,out ), respectively. The flow is driven by an imposed pressure gradient (P in > P out ), and the pressure ratio is defined as θ = P in /P out . Table 1 lists the considered cases, and a 20 × 700 lattice is employed in the simulations. Kn out is the given Knudsen number at the outlet and defined by the mean-free path λ out of the gas mixture at the outlet, i.e., Kn out = λ out /H. In order to characterize the degree of gas separation, we define the parameter CL as follows:
where C l,min is the smallest mole fraction of the light species in the channel. And another parameter C l is also needed to represent the variation tendency of total concentration, which is defined as the average quantity of the separation degree:
where N x is the number of lattice grid in the flow direction. He/Ar gas mixture 
Numerical method and its validation
It has been shown in the kinetic theory that the LBE method can be directly derived from the continuous Boltzmann equation [27, 28] . In this section, the MRT-LBE model with effective relaxation times and the kinetic boundary condition for of a microscale binary mixture are proposed and subsequently validated.
LBE Model for binary gas mixtures
In this work, a two-dimensional nine-velocity (D2Q9) MRT-LBE model [24] is used. The evolution of the distribution function is expressed as follows
where f σi (x, t) is the distribution function for species σ(a and b) associated with the gas molecules moving with the discrete velocity c i at position x and time t, Ω σi (f ) is the discrete collision operator defined by
where M is a 9 × 9 transform matrix projecting f σi onto the moment space
such that m σ = M f σ , where
in which all the relaxation times are associated with the moments: τ ρ is related to the relax density, τ e corresponds to the total energy, τ ε is relevant to the energy square, τ d associates with the momentum components, τ q is related to the heat flux, and τ s depends on the stress tensor. The discrete velocities c i in Eq. (5) are given by c 0 = (0, 0),
) and
Here, the lattice speed c is defined as c = δ x /δ t with the lattice spacing δ x and time step δ t , and is taken to be the velocity unit, i.e., c = 1.
As the relaxation time parameters in the matrix S equal to the same value, the MRT model reduces to the Bhatnagar-Gross-Krook (BGK) model. The local equilibrium distribution function in either the BGK or the MRT model in Eq. (6) is given by:
where ω 0 = 4/9, ω i = 1/9(i = 1 − 4), and ω i = 1/36(i = 5 − 8); ρ σ is the species density, u is the velocity of the gas mixture, α σi = s σ = m min /m σ for i = 0 and α σ0 = (9 − 5s σ )/4 is a parameter dependent on the molecular mass m σ and the velocity c i ,
parameter and equals to c s = c/ √ 3 here. The mass density ρ and velocity u of the mixture, and the density ρ σ and velocity u σ of the species are respectively defined as
where τ d is the relaxation time relating to the diffusion in mixtures [24] .
For simulations of microscale gaseous flows, the relaxation times are essential for the adopted MRT-LBE model, and the Knudsen effect should be taken into account [30, 31] . In Ref. [24] , Guo et al. generalized
the MRT-LBE model for continuum binary mixtures [29] to microscale binary mixtures, and provided the relationship between the relaxation time and the Knudsen number. However, the range of Knudsen number is limited in this model. To extend the range of Knudsen number for microgas flows, the effective meanfree-path (MFP) scheme [30, 31] , which includes the termination effect from walls on the flight paths of gas molecules, would be incorporated to the LBE method. In this work, we will generalize the MFP scheme to the MRT-LBE model for micro-gaseous flows of binary mixtures so that the simulations can be reached at a wide range of Knudsen number. We would like to point out that such work has not been reported in the
literature. In what follows, the effective relaxation times τ s and τ d will be given.
In Ref. [24] , the relaxation time τ s relates to the mean-free path λ of binary mixture as
where m x is the molecular mass of gas mixture and defined as m x = ρ/n = x a m a + x b m b , and
where n = n a + n b and n σ are respectively the number density of the species and mixture. Similarly, the relaxation time τ d is related with the mean-free path of the species ( cf Ref. [24] and reference therein ),
where m 0 = m a + m b , and λ σ is the mean-free path of specie σ(a and b). From the kinetic theory, the meanfree path of the single-species σ gas and the binary mixture can be determined by the dynamic viscosity [32, 33, 34] 
where µ σ and µ denote the dynamic viscosity of the σ-species gas and the binary mixture, respectively.
For microgas flows with high Knudsen number, the flight path of some molecules will be cut off by the wall. Thus, the mean free path of gas molecules should be significantly influenced. The basic idea of the MFP scheme is to consider the effect of wall confinement on the mean free path through a correction function. With this point, the mean-free path in the left hand side of Eq. (11) should be replaced by the effective mean free path, which is expressed as
where λ is taken as the mean free path for an unbounded system, y (0 ≤ y ≤ H) is the distance from the particle to the nearest boundary, and the function ψ is defined by Thus, via Eq. (11) with the effect mean free path, the effective relaxation time τ s in the present work is determined by
The effective relaxation time τ d is similarly determined from Eq. (18) using the effective mean free path λ ae and λ be
where λ σe = λ σ Ψ(y) = λ σ ψ y λσ + ψ H−y λσ /2. As pointed out in Ref. [24] , the relaxation time τ e is determined according to the bulk viscosity, and the other relaxation parameters can be adjusted with much freedom for better numerical stability. It should be seen that the values of τ s and τ d can be determined turning to the Knudsen number of the mixture and/or species since Kn i = λ i /H.
Boundary conditions
Boundary conditions play an important role in the LBE method for microscale gas flows [35, 36, 30, 31, 37] . There are several schemes to realize the slip boundary conditions in the case of single-species gas flows, such as the bounce-back-specular-reflection (BSR) scheme [36] , the discrete Maxwell's diffusereflection (DMDR) scheme, and the diffuse-bounce-back (DBB) scheme [38] . In Ref. [24] , the BSR scheme was extended to binary gas flows. However, the BSR and DMDR scheme are non-local due to the inclusion of the specular-reflection, and this may bring difficulties in simulating micro-flows with complex geometries.
Note that the information of one point is only needed to determine the unknown distribution function at the same point in the DBB scheme. In this work, we will propose a DBB scheme for the binary mixture model At the bottom boundary as shown in Fig. 2 , the unknown distribution functions are set as
and at the top plate,
where r σ is the parameter representing the equilibrium part, u w is the velocity of the mixture on the boundary, and f ′ i is the post-collision distribution function. In order to realize the slip boundary condition exactly, r σ and τ q should be carefully chosen. Following the derivations of Refs. [24, 31] , these two parameters in the present DBB scheme are taken as
and
where m r = m σ /m x , ς = π/6, τ s (0) = τ s (0) − 0.5, δ x = H/N with N being the lattice number in the characteristic length H, and τ ′ s (0) = ∂yτ s (0) in which 0 refers to the position at the boundary. A 1 and A 2 are given by
where 0 < α ≤ 1 is the accommodation coefficient. The parameter c m is the velocity slip coefficient (VSC), which is gained from the linearized Boltzmann equation [39] 
where M s = m x /m 0 and b σ is given by:
with K 1 and K 2 being defined by
For the pressure boundary conditions at the inlet and outlet, we will employ an extrapolation-correction technique which has been used for single-specie gas flows [26, 30] . Concretely speaking, at the inlet (x = 0), the unknown distribution functions and density are obtained by extrapolation from the inner nodes
where 0, 1, and 2 denote the nodes at the inlet, first layer, and second layer, respectively. The density is then corrected so that the average density ρ in matches that given by the pressure boundary condition
where ρ σ,in = p σ,in /c 2 s . The distribution functions and densities at the outlet can be obtained in a similar way.
Method validation
In order to verify the proposed DBB scheme, the MRT-LBE together with the DBB and BSR boundary conditions are tested by simulations of Case 2 with Kn out = 0.3 and θ = 3. In all of the following simulations, the relaxation times are set as follows: τ s is determined by Eq. (17), τ q is given by Eq. (22), τ d is obtained from Eq. (18), τ ρ = 1 for conserved variables, and the remains are given by τ e = 1.1 and τ ε = 1.2. The gas mixture velocity is shown in Fig. 3 along with the results from the BSR scheme in Ref. [24] . It can be seen that the results of the DBB scheme is in good agreement with that of BSR scheme for this problem. 
Numerical results and discussions
In this section, the present MRT-LBE model together with the proposed DBB boundary condition are applied to the He/Ar and Ne/Ar gas mixtures at the cases listed in Table 1 . A parametric study will be performed to investigate the gas separation phenomenon affected by the pressure ratio, the Knudsen number and molecular mass and mole fraction. As an indicative parameter for the gas separation, the mole fraction in the binary mixture will be mainly considered in the subsequent analysis.
Effect of pressure ratio
We first focus on the effect of pressure ratio on the separation process. As can be observed from Fig. 4 , the mole fraction of the light species C l is non-uniform along the channel, which decreases from the inlet first and then increases to the value at the outlet. This means that a local minimum exists in the distribution of Kn out = 0.3 and θ = 2.0. As displayed in Fig. 5 (a) , the separation process can be clearly described by the change of CL with time. In the initial time stage, the value of CL at each θ increases quickly, which implies the commencement of gas separation. Subsequent to this stage, CL remains with an unchanged value, and this indicates the termination of the separation process and the steady state of binary mixtures. Similar results can also be reflected from the time-evolution of C l as shown in Fig. 5 (b) .
From the curve plots shown in Fig. 5 , we can also make the following interesting observations. That is, the smaller the pressure ratio θ is, the quicker the value of CL (and C l ) increases initially, and the larger the value of CL is in the whole gas separation process. These mean that as the pressure ratio θ decreases, the rate of gas separation (V s ), which is represented by the curve gradient in the figure, increases, and the quality of gas separation increases. This tendency can be explained by the fact that with the decrease in θ for a given Kn out , the average pressure of the mixture will decrease such that the mean Knudsen number increases, and the momentum exchange between the light and heavy molecules is reduced. Thus, the difference in the molecular velocities of different species will be enhanced and more obvious gas separation tends to occur. Therefore, the increase in the pressure ratio has a negative effect on the gas separation in the binary mixtures of gaseous flows.
Effect of Knudsen number
The rarefaction effect also plays a significant role in the microflows [1] , which can be modeled by different Knudsen numbers. Next, the effect of Kn out is investigated on the gas separation. Simulations with different Kn out at θ = 2.0 are performed still for Case 2. The results of the separation process are shown in Fig.   6 . As can be observed, the terminal concentrations CL and C l increase as Kn out increases from 0.3 to 5. This is because a larger Knudsen number makes the gas mixture more rarefied for a given pressure ratio, and the momentum transfer between the light and heavy molecules becomes smaller. This will increase the velocity difference between the two gas molecules, and hence enhance the gas separation. In addition, one can find that the separation rate V s decreases slightly with increasing Kn out . It is interesting to note that this tendency is opposite to that of increasing the Knudsen number induced by decreasing the pressure ratio. This is due to the fact that the increase in Kn out leads to the reduction of the flow velocity of binary mixtures, which yields a decrease in the time needed for completing the gas separation. To affirm this point, we compute the volume flow Q v of the binary mixtures and show the results in Fig. 7 . Clearly, the volume flow Q v decrease with the increase in the Knudsen number Kn out .
Effect of molecular mass and mole fraction
The mole fraction and molecular mass are two particular parameters consisting of the gas mixtures, and they shall have a significant effect on the gas separation. In Fig. 8 , the changes of CL and C l with time are plotted at Kn out = 0.3 and θ = 2.0 for Cases 1-3 and 6-8. In each case, the concentrations of the He-Ar or Ne-Ar mixture at the inlet and outlet are the same. As shown in the figure, CL and C l decrease in the concentration of C l,in (or C l,out ) for the two binary mixtures systems, which indicates the increase of the separation degree. It is also found that the separation rate V s has a similar tendency with the values of C l,in . This may be attributed to the fact that a decrease in C l,in can lead to a decrease in the overall mole mass of the gas mixture under the same θ and Kn out , which boosts the refraction of the gaseous mixtures, and thereby yields an increase in the separation rate.
The second observation in Fig. 8 comes from the comparison of the results between the He-Ar mixture and the Ne-Ar mixture, which shows a clear difference in CL. It is found that the terminal CL in the He-Ar mixture is much larger than that in the Ne-Ar mixture (see Fig. 8 (a) and (c) ). This indicates us that the gas separation is more thorough for the He-Ar mixture compared with the Ne-Ar mixture. The reason for this difference is that the larger molecular mass ratio brings about the larger velocity difference between the species in the He-Ar system, and thus enhances the quality of gas separation. On the other hand, it can be seen from Figs. 8 (a) and (b) that CL in the Ne-Ar mixture increases to the state-state value faster than that in the He-Ar mixture. This further demonstrates the better quality of gas separation in the He-Ar mixture than the Ne-Ar mixture.
Then, to highlight the effect of mole fraction at the inlet and outlet, the computational parameters of Cases 4, 5, 9 and 10 listed in Table 1 are employed. Fig. 9 presents the curve profile of dimensionless mole fraction C l along the channel. We can see from both subfigures that the mole fraction distribution along the channel is nonlinear, which is similar to the results found by Kalempaa and Sharipov [19] . Through comparisons of mole fraction at different Knudsen numbers in one binary mixture as well as at the same 
Knudsen number but in different binary mixtures, it can be found that the increase of Knudsen number and molecular mass ratio can lead to the gas separation phenomenon easier, which is consistent with the foregoing results. Particularly, when careful attention is paid to the mole fraction C l near the inlet in Fig.   9 (a) and the outlet in Fig. 9 (b) , it is found that C l in these regions varies much faster than in other places of the channel, which can actually be deduced from the convexity ( Fig. 9 (a) ) and concavity ( Fig.   9 (b) ) properties of C l as well. This indicates the appearance of the separation phenomenon, and more importantly, this leads us to an interesting result that the gas separation takes place mainly in the region near the channel end with higher mole fraction. It is noteworthy that this finding has not been reported in previous studies.
Conclusions
In this paper, the separation phenomenon of a binary gaseous mixture is investigated by the MRT-LBE method with a proposed kinetic boundary condition combining the bounce-back and the discrete Maxwell's diffuse schemes. The wall-confinement effects are considered in the effective relaxation times to simulate microscale flows in both slip and transition regimes. It is seen that the mole fraction of each component in the gas mixtures does not distribute uniformly along a microchannel. At an equal mole fraction given at the channel ends, there will be a minimum mole fraction for the lighter species in the channel. For the separation process, the effects of pressure ratio, rarefaction, mole fraction and molecular mass ratio are studied in detail. It is found that the degree and rate of gas separation are influenced by these parameters, and the main results are summarized as follows:
First, the separation process is fierce as the pressure ratio decreases. This is because a smaller pressure ratio enhances the rarefaction, which leads to a decrease in the momentum transfer between the light and heavy molecules and further increases the difference in species velocities.
Second, the separation phenomenon is enhanced when the Knudsen number becomes larger in that the resulted larger rarefaction effect increases the difference in species velocities. On the other hand, the separation rate decreases slightly with increasing the Knudsen number due to the reduced molecular velocity.
Finally, the separation process is more obvious for a mixture with large molecular mass ratio as expected, and the degree and rate of separation increase as the mole fraction of the light species decreases. Particularly and interestingly, the channel end with higher mole fraction of lighter species is the main region where the gas separation takes place.
The present work on the gas separation phenomenon is limited to the two dimension case, which is inadequate to reveal the fundamental knowledge. In the future, we will extend this work to three dimensional cases, and a detailed parametric study on the gas separation will be followed.
